most likely processes affecting thorium mobility at this semiarid site. This information is critical to determining
The insoluble nature of thorium oxide prevents transport as a traditional dissolved species and therefore requires further investigations into the mechanisms of A thorough understanding of contaminant mobility mobilization (Hyde, 1960; Neck et al., 2003) . is required for successful immobilization and soil
The region is classified as semiarid, receiving approxiremediation (Dutre et al., 1998; . The mately 250 mm of precipitation per year. Much of the work presented in this article describes the chemical region's rainfall occurs during the summer months (Naand physical mechanisms of thorium migration at Test tional Weather Service, 2004), often in short storm Site 4, Kirtland Air Force Base, Albuquerque, NM. This events, during which time surface runoff would be extraining site has historically been amended with thorium pected to contribute significantly to thorium migration. oxide to simulate a plutonium spill from a nuclear weapHowever, due to the extremely low solubility of thorium ons accident (August et al., 1999; Larson et al., 2004) .
oxide, transport is most likely to occur in colloidal or The training site has restricted access and operations suspended phases or complexed with natural organic are conducted in compliance with a current Nuclear matter (NOM) (Zhang et al., 1997; Murphy et al., 1999 ; Regulatory Commission license. Previous work by variBaumann et al., 2002) . Low solubility also reinforces ous researchers characterized the extent of thorium disthe explanation for why vertical migration at the site tribution but did not investigate the potential mechahas been less than 1 m, even in the highest thorium nisms of thorium migration at the site (Larson et al., concentration areas (Larson et al., 2004) . Additionally, 2004; August et al., 1999) . Radionuclide-containing soils the dry climate is likely to support wind transport of have been studied, yet individual site characteristics and soil particles or detrital plant material (Zararsiz et al., radionuclide chemistries require specific investigations, 1997; Rodriguez et al., 2002; McClellan et al., 2003) . even at similar sites (Mortvedt, 1994; Zararsiz et al., The area is sparsely vegetated with desert plants, McClellan et al., 2003; Martinez-Aguirre and Peri- which can aid in both mobilization by uptake into plant anez, 2001). Presented here is a series of aqueous extractissue and immobilization by reduction of soil erosion tion and digestion, electrochemical, plant uptake, and by wind and water (Zararsiz et al., 1997; Burlo et al., wind and water erosion experiments determining the 1999; Rodriguez et al., 2002; McClellan et al., 2003 Electrokinetic remediation is an in situ process where an electrical field is created in a soil matrix by applying a low-
MATERIALS AND METHODS
voltage direct current (DC) to electrodes placed in the soil Site soils used in the experiments described below were (Pamukcu and Wittle, 1992; Puppala, 1994; Orcino and Bricka, collected in early 2002, composited, and homogenized to a 1998) . When DC current is applied to the electrodes, an electriradioactivity of approximately 1.74 Bq/g. Additional clean soil cal field develops between the anode and cathode and induces from the site was also collected (background activity approxielectroosmosis, electromigration, electrophoresis, electrolysis, mately 0.074 Bq/g from the natural uranium and thorium in and pH changes in the soil system. the soil; Larson et al., 2004) for use as a control in all experiIn electromigration, cations migrate toward the negatively ments. The soil is a sandy clay loam Aridisol with a paste pH charged cathode, and anions migrate toward the positively of approximately 8.5 and a cation exchange capacity of 24 charged anode and concentrate in the solutions near the eleccmol/kg. All soils were sieved to 2 mm to remove rocks and trodes. Electrophoresis is a similar phenomenon involving large detrital plant material. Chemicals used in all experiments charged particles rather than ions. Therefore, the electrode were of reagent grade or higher purity and used without furreservoir that accumulates thorium should provide speciation ther purification; the deionized water used had a resistivity of information on the form that is mobile in the soil solution. 18.3 M⍀·cm.
Electrolysis reactions occur at the electrodes resulting in changes to the fluid pH. Oxidation of water at the anode
Thorium Analysis
generates hydrogen ions (H ϩ ) and oxygen gas (O 2 ). Hydrogen ions create an acid front that migrates toward the cathode. Inductively coupled plasma-mass spectrometry (ICP-MS) Reduction of water at the cathode generates hydrogen gas (Elan 6000; PerkinElmer, Wellesley, MA) according to USEPA (H 2 ) and hydroxyl (OH Ϫ ) ions; the latter then migrate as a Method 6020 was used at the U.S. Army Corps of Engineers, base front toward the anode (Acar et al., 1990) . These reactive Engineer Research and Development Center, Vicksburg, MS, fronts can mobilize soil constituents depending on their refor elemental analysis of all aqueous digestion and extraction samples. A plasma power of 1400 W and a nebulizer flow of spective chemistries. 0.8 mL/min were generally used; the relatively high plasma
The experimental design shown in Fig. 1 consisted of a power aided in decomposition of thorium colloids in some samples. Extract samples were prepared for analysis by filtration (0.45 m unless otherwise specified) and acidification to pH Ͻ 2 with nitric acid. Because of its rarity in most samples, and its similar mass to thorium, bismuth-209 was used as the internal standard for all analyses. We used ICP-MS to determine total thorium because of its higher sensitivity and faster analysis speed than traditional sodium iodide gamma spectroscopy techniques. An estimated detection limit of approximately 0.5 g/L for thorium and uranium was determined for the instrumental parameters used. Uranium analysis was also performed in all samples to determine if it would act as a natural internal standard for the site soils . The results reported below show that the thorium originally used to amend the site most likely contained uranium impurities yielding a slightly higher uranium concentration in the thorium-containing soil compared with the "clean" soil.
Column Leachates
Column experiments were performed to determine the extent of vertical migration of thorium in the soil. Two types of 10-ϫ 10-cm acrylic tube packed with soil between two porous beaker. The samples were then allowed to heat overnight, followed by addition of 10 mL of concentrated nitric acid and frits (Porex polyethylene Ͻ 200 m), similar to the column leach experiments, although positioned horizontally. Inert dilution to 100 mL with 1% nitric acid. This solution was then filtered and diluted 1:10 for ICP-MS analysis. The digestion graphite electrodes were then placed in 300-mL reservoirs at the end of the plastic tube and connected to a DC power method yielded thorium concentrations Ͼ 80% of that from a total dissolution method using hydrofluoric acid that digests supply. A potential of approximately 18 V was applied to the soil samples during the experiments. The fluid in the reservoir refractory silicates. ends was circulated with a peristaltic pump to larger 1.5-L reservoirs. Solutions were changed in the reservoirs weekly
Wind and Water Erosion
and replaced with deionized water. Three tungsten wire probes were placed equidistant across the soil sample to measure
To determine the extent of bulk soil movement on the the potential gradient that developed in the soil between the migration of thorium, the contaminated soil was exposed to graphite electrodes. Two cells were set up for the electrokiwind and surface water erosion in a fabricated laboratory netic experiments. Cell A was packed with thorium-containing erosion box (30 ϫ 30 ϫ 60 cm). For these experiments, a soil only, whereas Cell B contained clean soil on the anode 10-ϫ 10-ϫ 2.5-cm galvanized container was packed with half of the tube. Aqueous samples were taken daily, filtered, moist soil (approximately 20% moisture) to approximately and acidified for analysis by ICP-MS. Various filter sizes 0.5 cm above the container edge and allowed to dry and cure (0.45-m and molecular weight cut-off [MWCO] filters) were for several days. Air-drying before wind erosion experiments employed to elucidate the particulate nature of the thorium also minimized mass lost from evaporation. The sample was measured in the electrolyte solutions.
then subjected to wind from a 10-ϫ 0.2-cm tube that generated air speeds up to 100 km/h. The wind tube impinged on the soil sample at approximately 20 degrees (Grau, 1993) . Corre-
Soil Fractionation
sponding mass loss from the sample was determined by Samples of clean and thorium-containing soil were fractionweighing before and after erosion with the eroded material ated using standard dry sieving techniques to determine if the captured in a laboratory vacuum/filter system. The material thorium was concentrated in specific grain size fractions. Dry eroded by the wind treatment captured in the filter system sieving was used to minimize thorium redistribution by particle was recovered for subsequent water extraction experiments. size that might occur during a wet sieve procedure. Seven
The water erosion experiments used a similar design to 10-cm soil sieves (American Society for Testing and Materials deliver the water to the sample set at an angle of 5 degrees, [ASTM] no. 20, 40, 60, 80, 100, 120, and 200) were used to with total inundation rates of up to 2.5 cm/h, which should create eight soil fractions for analysis and quantify the soil simulate storm conditions of the field site. This would approxigrain size distribution. These soil fractions were exposed to mate conditions in erosion gullies of the field site (Larson et the same extraction and digestion procedures described below al., 2004). The runoff was collected for thorium analysis in for the bulk soils. filtered and unfiltered samples. Between erosion experiments, samples were also weathered by freezing (dry, and moist ap- Plant uptake studies were conducted to ascertain whether for thorium. The value obtained is termed an "effective" or indigenous plant species would take up thorium from soil "apparent" K d (Langmuir, 1997) because the nature of the (Zararsiz et al., 1997; Sturgis and Lee, 1999; Sturgis et al., thorium measured (as dissolved, 0.45-m, compared with 2001 Sturgis et al., thorium measured (as dissolved, 0.45-m, compared with , 2002 McClellan et al., 2003) . Three 0.22-m filtration) was at least partly colloidal. The concentraperennial, drought-tolerant, low-water-use species were grown tions measured were influenced by complexation reactions from seed in clean and thorium-containing site soil to evaluate and colloids; consequently, pure "desorption" phenomena seed germination and plant thorium uptake. The species were (which the K d is a measure of) are not dominant in this system. Indian ricegrass [Achnatherum hymenoides (Roemer & J.A. Thorium-containing soil was combined with the three pH Schultes) Barkworth], alkali sacaton [Sporobolus airoides solutions in polyethylene containers. Varying soil to solution (Torr.) Torr.], and New Mexico feathergrass [Hesperostipa ratios indicated that less than 1:20 was required for quantifineomexicana (Thurb. ex Coult.)]. All seeds were purchased able thorium concentrations; therefore, 1:10 was chosen for from Sharp Bros. Seed Company (Healy, KS). this work. The solutions were mixed using a reciprocating All pots (10 cm) used to grow the plants were prepared by shaker for 24 h (USEPA, 1999), separated by centrifugation placing muslin cotton cloth in the bottom to prevent the loss and filtration (0.45-m), acidified, and analyzed for thorium of soil. The soil was moistened before being added to the pots. and uranium using ICP-MS.
Aqueous Extraction
Ten seeds of a single plant species were added to a pot. All seeded pots were placed, in a randomized block design, in a
Soil Digestions
1.22-ϫ 2.44-m aluminum drying flat lined with sorbent plasticback paper, on tables in a greenhouse under grow lights. Lights Digestions were performed to determine concentrations in were arranged in a pattern of alternating high-pressure sodium the bulk thorium-containing (1.74 Bq/g) and clean (0.074 Bq/g) and high-pressure multivapor halide lamps that provided an soils and the fractionated soils. The digestion procedure was even photosynthetic active radiation (PAR) distribution patmodified from Method 3050B (USEPA, 1996) and used 1.0 g tern of 1200 mol photons/m 2 /s, and a daylength of 16 h. The of soil. The digestion method used 10 mL of concentrated temperature in the greenhouse was maintained at 32 Ϯ 5ЊC nitric acid ϩ 10 mL of concentrated hydrochloric acid with gentle heating (approximately 40ЊC) for 1 h in a fluoropolymer during the day and 21 Ϯ 5ЊC minimum at night. Relative humidity was maintained as close to 100% as possible, but tween the two column experiments is that the bottom never less than 50%.
layer of clean soil appears to retard uranium leaching Emerged seedlings were counted after 7, 14, and 21 d to as shown in Fig. 2B . The lower uranium concentration determine mean seed germination percentages. The plant in Fig. 2B indicates that sorption could be a factor in seedlings were allowed to grow and develop for an additional thorium immobilization in this system; however, the 5 wk to evaluate plant thorium uptake and appearance. After data ultimately show little thorium will be mobilized 8 wk, all plants were photographed and harvested. The plants vertically in the soil.
were cut just above the soil surface, washed (if needed) to remove any soil particles, and then blotted to remove excess
Aqueous Extractions
water. The plant material was bagged, weighed, dried, and reweighed to determine fresh and dry biomass before digesSoil extractions were intended to build on the prevition (modified from Method 3050B; USEPA, 1996) and thoous column leaching studies to determine the effect of rium analysis by ICP-MS.
pH on thorium release from the soil. The thorium and uranium concentrations for the three extraction fluids
RESULTS AND DISCUSSION
for the bulk and fractionated soils are provided in Table 2 .
Soil Digestions
The data in Table 2 show that low-pH solutions generThorium and uranium concentrations for the bulk ally extract the most thorium into the "dissolved phase" and fractionated soils are given in Table 1 . Total thorium (0.45-m filtration), although large concentrations of concentrations using a hydrofluoric acid total dissoluthorium are also seen in the alkaline extractions of the tion were approximately 450 and 8.5 mg/kg in the thosize fractions containing high total organic C concentrarium-containing and clean soils, respectively. Also shown tions (see Table 1 ). Use of 0.2-compared with 0.45-m in Table 1 are the soil total organic carbon (TOC) confilters shows the colloidal nature of the extracted thocentrations by particle size. There is a relation between rium with lower concentrations seen with smaller filter TOC values and thorium concentrations (correlation pore sizes. The concentration differences with filter pore coefficient of 0.952), suggesting an association of thorium with NOM (Murphy et al., 1999) . Similar relationships are discussed below in the aqueous extraction and electrokinetic experiment discussions.
Column Leachates
Results of the column leach experiments are summarized in Fig. 2 . Figure 2A shows data from the columns packed only with thorium-containing soil, whereas Fig. 2B shows data from the columns packed with a layer of clean soil on the bottom half. As was expected from the insoluble nature of thorium, very little thorium is leached from the soil with deionized water. Because of the low flow volumes from the columns (approximately 2 mL/d) and the ICP-MS volume requirement for analysis (approximately 5 mL), the samples were diluted 1:5 for most analyses. This large dilution resulted in some apparent detections of thorium in the column leachates (approximately 3 g/L); however, on reanaly- detection limit of 0.5 g/L. The major difference be- sizes were primarily seen in the neutral and alkaline experiments suggest a nondissolved-phase mechanism may be controlling thorium concentration in the system, extractions ( Table 2 ). The higher thorium concentrations in the acidic solutions are explained by protonnot pure adsorption-desorption or dissolution phenomena, in addition to complexation with other soil constitassisted dissolution of inorganic thorium oxide particles, as is expected with many metals. Substantial thorium uents and pH buffering effects (Zhang et al., 1997; Casas et al., 1998) . concentrations in the alkaline solutions are thought to be the result of thorium associated with natural organic matter extracted from the soil at high pH since thorium
Electrokinetic Experiments
oxide is not amphoteric (Lenhart et al., 2000; Hyde, Data presented in Fig. 3 and 4 show the concentration 1960).
of thorium in the electrolyte solutions as a function of Using the thorium concentrations from the neutral time. The cyclical nature of the increase is caused by aqueous extractions (deionized water) in Table 2 , an the weekly changing of the cell fluids. Substantial coneffective or apparent K d can be calculated for thorium centrations of thorium are only measured in the anode in this soil system (Langmuir, 1997; Kaplan and Serkiz, solution of the cell containing only contaminated soil 2001). Assuming that desorption processes are entirely (Fig. 3) . A small amount of thorium in also seen in the responsible for the observed concentrations, and using anode of Cell B, which contains clean soil on the anode the method described by Langmuir (1997) for the linear side; this solution also shows cyclical increases, although Freundlich isotherm, a value of approximately 7 ϫ 10 7 at an order of magnitude lower concentrations (Fig. 4) . mL/g is obtained for this system. This value is approxiThis experiment demonstrates the anionic nature of thomately three to four orders of magnitude higher than K d rium migration in the soil because of the accumulation values reported for thorium in pure metal oxyhydroxide in the anode solution. It further demonstrates the ability systems (Langmuir, 1997; Kaplan and Serkiz, 2001 ). The of the clean soil (in Cell B) to retard ion mobility by sorption, as was seen with uranium in the column leach experiments. Uranium concentrations, at much lower solution. Additionally, the large spike of uranium seen in both cathode solutions on Day 2 possibly represents water runoff samples were generated by application of uranium-carbonate complexes extracted before the in-2.5 cm/h of deionized water onto the soil samples resting filtration of the hydroxide front into the soil (Chen and at an angle of approximately 5 degrees. The samples were Yiacoumi, 2002) . eroded in two stages, the first started with the soil iniThe anionic nature of thorium migration in these extially dry with the second stage starting with saturated periments at low pH in the anode solutions supports soil, to simulate rainfall runoff from two different soil conthorium association with natural organic matter, as sugditions. The results from the unfiltered and 0.22-m filgested by the alkaline soil extractions of the fractionated tered samples (Table 2) indicate that colloidal transport soil described previously (see Table 3 ). Furthermore, of thorium from the soil is a potentially significant mechanism, whereas "dissolved phase" mechanisms (0.45-m the molecular weight cut-off (MWCO) filtration data filtration) may also be important. Similar filtration efin Table 3 also suggest NOM association, with decreased fects were seen in the electrokinetic results previously thorium concentrations seen with smaller filter pore discussed. sizes, whereas the uranium concentrations reflect what would be expected for a "dissolved" constituent (LenPlant Uptake hart et al., 2000) . After approximately 3 mo of applied electric field, only a small fraction (Ͻ0.01%) of the The data listed in Table 6 show the extent of thorium thorium had been removed from the soil, thereby suguptake by the three plant species evaluated. In two of gesting that amending the soil with organic chelating the plant species, there was a slight indication of uptake agents may speed up electromigration of thorium in in the thorium-containing soil (8.2 mg/kg) compared these experiments.
with the clean soil (Ͻ0.1 mg/kg); however, due to poor germination and growth of Indian ricegrass, the experi-
Wind and Water Erosion
ment was not conclusive and could not determine if thorium uptake is a major mechanism of migration for Results of the wind erosion experiments are listed in all plant species that may be at the site. Additionally, Table 4 with cumulative mass lost shown in Fig. 5 . Soil in the field, perennial plants would have many years to test casts were exposed to various wind speeds for speaccumulate thorium, thereby causing this 8-wk expercific time intervals and then weighed to determine mass iment to possibly underestimate plant uptake results lost. With wind speeds as low as 30 km/h, substantial . Therefore, coupling the demonamounts of soil are mobilized, particularly after wet strated potential for plant uptake with the previously freeze-thaw weathering of the soil, which could result presented wind erosion data, it is possible that windblown in mobilization of thorium. The wet freeze-thaw weathdetrital plant material is also a mobility mechanism. ering in Fig. 5 creates the most erodible material; however, UV exposure also tends to promote erosion, possi-
CONCLUSIONS
bly by degradation of soil organic matter (Goldstone et al., 2002) .
The work presented here shows the importance of nondissolved phase mobility mechanisms for thorium in Water erosion data are presented in Table 5 . These 
